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Effect  of  various  oxide  additives  on  sintering 
of  BaO  SiOa  system  glass-ceramics 
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Materials  Engineering  Department.  Rensselaer  Polytechnic  Institute.  Troy.  NY  12180.  USA 


Glass-ceramics  can  be  produced  by  sintering  and  crystallisation  of  a  pressed  glass  powder  pellet 
Crystallization  prior  to  complete  densification  results  m  a  porous  glass-ceramic  A  small  quantity 
of  various  oxides  was  added  to  and  melted  with  35  7  BaO  64  3  SiOj(mol%)  glass  and  the 
sintering  characteristic  of  the  alass  oowder  was  evaluateci  m  terms  of  th^  roiepve  tri  the 

bulk  glass  density  after  heating  at  a  constant  rate.  Some  oxide  additives,  such  as  AI.0  j  and  ZrO;, 
increased  the  per  cent  relative  density  while  others,  such  as  NasO.  decreased  it  The  achieved  per 
cent  relative  density  was  compared  with  crystallization  characteristics  determined  by  differential 
thermal  analysis  (DTA)  and  viscositv  determined  by  the  beam-bending  method  The  per  cent 
relative  density  showed  a  good  correlation  with  the  viscosity  at  the  crystallization  temperature,  the 
higher  per  cent  relative  density  being  achieved  for  systems  with  the  lower  viscosity  at  the 
crystallization  temperature 


1.  Introduction 

Glass-ceramics  can  be  produced  either  by  bulk  crys¬ 
tallization  of  formed  glass  objects  1 1.  2]  or  by  sinter¬ 
ing  and  crystallization  of  pressed  gl.iss  powders 
1 3  12]  in  one  heat  treatment.  The  latter  method  is 
useful  for  producing  refractory  glass-ceramics  without 
melting  refractory  glas.ses, 

Sintering  a  glass-ceramic  composition  can  be  done 
either  before  crystallization  by  viscous  sintering  of 
glass  [5]  or  after  crystallization  by  diffusion  sintering 
of  crystallized  glass-ceramic  powders  IT,’].  The  crys- 
lallizaiion  peak  tcmperaiurc,  /p.  in  the  differonliat 
Ihcrmal  analysis  iDTAl  (cf.  Fig.  1 1  (race  of  the  glass 
separates  the  two  processes,  the  sintering  temperature 
being  less  than  for  viscous  sintering  and  greater 
than  /p  for  diffusion  sintering.  Because  of  rclalively 
lower  sintering  temperatures  and  higher  densilication 
rates  of  viscous  sintering  [14],  sintering  of  glass  before 
crystallization  is  preferred. 

Viscous  sintering  of  a  glass  can  be  done  cither 
isothermally  [10]  or  at  constant  heating  rate  K  FIR) 
[5.  1 1].  Sintering  is  usually  impeded  by  cr\^talllza^lo^ 
[IT].  Thus  under  ('HR  sintering,  sintering  can  be 
expected  to  proceed  up  to  /p  The  viscous  sintering 
rate  is  inversely  related  to  viscosity  of  the  glass,  and 
because  CHR  can  shift  7p  to  higher  values  compared 
to  isothermal  sintering,  lower  viscosity  regions  can  be 
accessed  before  crystallization.  Thus  (  HR  sintering  is 
especially  suitable  for  sintering  glass-ceramics, 

T  he  crystallization  peak  temperature,  /p.  is  a  func¬ 
tion  of  composition  and  heating  rate  At  a  given  heat¬ 
ing  rate,  additions  of  a  small  quantity  of  other  oxides 
to  a  base  glass  composition  can  significantly  alter  the 
/p.  consequently  altering  the  sintering  rate  ol  the  base 


giviss.  Because  the  vi>cosuy  o!  .i  chiss  decreases  expo¬ 
nentially  with  increasing  temperature,  small  variations 
in  /p  with  composition  will  c.iuse  l.irge  variations  m 
viscosity  at  the  crystalli/alK'n  pe-ik  temperature  ,As 
(HR  sintering  can  proceed  up  to  the  crystallization 
peak  temperature,  the  viscosiiv  .n  ihe  crystalli/atton 
peak  temperature,  q,  .  might  be  a  good  measure  of 
(he  sintcrability  .-I  glass-ceramics.  in  addition  to  the 
crystallization  peak  temperaiiire.  /„.  the  crvstalhza- 
lu'n  start  temperature.  7, .  .ind  crvstallization  complc- 
iion  temperature.  ,  lef  Fig.  1 1.  can  also  be  used  for 
characterizing  the  crvst.iHi/alion  f'his  paper  attempts 
to  establish  the  correlation  isetwcen  sinterahiiitv  and 
the  viscosity  at  ,i  ervsiallization  tempcrat'ir'.' 

File  Ba(4  .SiO;  glass-ecramic  svstem  wascl  i'sen  for 
this  study  because  of  its  rcfractorv  nature,  where  the 
melting  is  not  praciic,il  because  ol  the  cMremely  high 
temperatures  involved  (  l.s] 

2.  Theory 

(  iscoiis  sintering  vT  a  pressed  gl.iss  pellet  is  treated 
separately  m  three  microstructuraliv  distinct  stages, 
termed  initial,  iniermedi.ite  and  hnai.  The  microsiruc- 
tural  processes  in  these  three  stages  are  elimination  I'f 
negative  curvatures  between  p.iriicTes.  reduction  ol 
open  pore  volume,  and  their  eventual  conversion  to 
closed  pores  and  reduction  of  closed  pore  volume. 
respectivcTv.  General  isothermal  densilication  kinetics 
equations  have  been  derived  by  F  renkel  (tvviv  spherical 
particles  geometry)  for  the  initial  stage  [Ih],  by 
.Scherer  icylindrical  particles  in  different  cell  geomet¬ 
ries)  for  initial  and  intermediate  stages  f  IT),  and  by 
Mackenzie  and  Shuitlewoi  th  iMS  foi  short,  sfiiienc.if 
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l  I  SchcmalK  t.iiircrontia!  ihcr-nai  ,inal>Ms  iracc  Utf 

:  ^la^^•cc^a^llc  N\\icm  l\  ■  aias^  :rap,NritiitUcmpcr;iturc;  I,  cf\N- 
aili/anan  >iarl  icmpcrLilurc.  J ..  v:'-'taiii/alu»»  peak  icnipcraiurc. 
/  .  er'.'lalli^atipn  cot7irlclH>n  ien^pcraiurc.  /„,  er>Mai  meMmu 
■emperaaire 

closed  pores  geometry)  for  final  stage  [IS],  These  ean 
he  expressed  in  differential  form  as 

!  dlnp 

-  =  ^ —  Ihrenkel  eouationi  llai 

dt  :nK„  ' 

=  '  .'t  •  \t;  [i6\ •  ' 

n 

-  ((  .  (  ;  V)-  ‘  I  iScherer  etjuaiioni  ilhi 

I  '/"ms  -'ll  I  "'.y  '  i'l  |V)  -  1  I'  ' 

I  MS  equation  I  ilci 

where  p  is  the  relatixe  ito  density  of  the  bulk  glassi 
density  of  the  sample,  y  is  the  glass  surface  free  energy, 
r)  IS  the  viscosity  of  the  glass  at  temperature  7‘.  R,,  is  the 
initial  particle  siv.c  i radius),  n  the  number  of  pores  per 
unit  volume  of  the  stilid  ph.ise  and  is  related  to  the 
u'lume  of  the  solid  material  in  a  unit  cell  having 
a  single  pore.  I  by  ti  =  I  I  ..  (  i.  (%  .ire  geometric 
constants  of  the  model,  v  -  L.  w  here  a  and  L  are  the 
radius  and  length  of  the  cylinder,  /Ims  is  the  number  of 
closed  pores  per  unit  volume  of  the  solid  material,  and 
J  dt  is  the  time  derivative. 

Among  the  various  parameters  in  liquations  la  c. 
ones  which  change  with  glass  compositions  would  be 
surface  energy,  y.  and  viscosity,  q.  Thus  the  overall 
densitication  of  a  glass  ci'mpact  with  identical  geo¬ 
metry  but  different  composition  should  be  given  bv 

d/  (pi  dt  -  i(  y  qi  l2l 

where  (  is  a  constant  and  /  loi  is  a  function  of  relative 
dcnsiiv  which  increases  with  increasing  relative  dens¬ 
ity  Turthcrmorc.  variation  of  the  surface  energy,  y. 
with  temperature  [1^1  and  glass  composition  |  201  is 
negligibly  small  compared  wuh  that  of  viscosity.  In 
<  HR  sintering,  using  the  hc.iting  rate  K  -  dT  dt 

d/  (p)  -  ((  K  Hd  /’  ql  t.^t 

IV  here  If  'y  A  i  can  be  regarded  as  a  constant. 

Ihe  viscosity  of  most  I'f  the  silicate  glasses  follow 
F  ulcher's  equation  [21],  le 

log  q  =  t  ~  lUT  ~  T„)  <‘*1 

where  .4.  B  and  /„  are  rnaieri.il  constants.  Substituting 
ihis  relation  into  l-.quation  >  and  integrating  in  the 


r.mge  oi  pp  p;  and  /,.  /,.  flic  densitication  can  be 
given  by 

Tlpj  I  /ip,.(  ~  if  ,•  Alii/’,  -  /..)■  Hqi  ]  if, 

where  C  is  a  new  eonstani.  /,  o  ihc  iinai  lemfK'raiure 
.Old  p(  and  H;  .ire  ihe  relative  dciisiiy  .md  vi-,c(isity  .it 
that  temperature,  l  I  o  obtain  I  qu.ition  '.  ihe  relation- 
^hlp 

■  I 

I  d'/'  q  5  [(/',  ..  /,.r‘  i2  .W  H  n,  i] 

*  /  , 

has  been  used.  This  integral  has  been  evaluated  in 
Appendix  A.) 

Once  the  crystalli/.uion  t.ikcs  place  ihe  sintering 
procevs  practically  stops  and  the  maximum  sintering 
temperature  becomes  the  cry\ialli/ation  peak  temper¬ 
ature.  /p.  Thus 

/'ipf  I  -  Flpi.l  =  [fy  A  J  [  I /,.  )■  ifq ,  J  l6i 

Because  the  variation  of  [I],  /..p  B  wuh  composi¬ 

tion  IS  much  sin.iller  ih.in  th.it  oi  viscosity,  this  cqua- 
iioa-indicales  that  the  mo^t  import. ml  factor  m  (.’HR 
•'intcniiu  Ilf  crysialh/able  gl.i',>e'  o  the  viscosity  at  the 
crvsi.iili/ation  temperature 

3.  Experimental  procedure 

Hie  b.isc  glass  ci'iiiposiiion  chewen  lor  this  study  w.is 

'  B.iO  64  '  SiO;  (mol  i,  with  an  SiO;  BaO  r.iuo 
o|  l.x  and  designated  BCi.  which  lies  m  the  middle  of 
the  tvvii-phasc  livid  BS;  B,S«lB  =  BaO.  S  -  SiO;i.  in 
the  B.iO  SiO,  binary  (l.'j  (ilasse.v  wuh  additives 
such  as  AI.O,.  ZtO..  B;0..  Nad),  Kd).  BafTTiO.-, 
SiO,  and  Pd)<  were  prepared  The  compositions 
'ludied  arc  shown  m  Table  1. 

Appropriate  mi'le  per  cents  oi  cvunponent  powders, 
including  additives,  were  mi.xed  in  ethanol  and  stirred 
for  I  h  111  achieve  homogeneity  in  mixing.  Then  ihc 
ethanol  w.is  cv.iporaicd  m  .m  air  oven  held  at 
5:  ■^1)  ('.  Melting  was  done  at  l.'.sO  I6(K)  (’.in  a  CM 
rapid-iemperature  turnuce.  using  a  Wi  ml  Pi  20",,  Rh 
crucible,  for  about  6h.  The  melts  were  poured  into 
.1  brass  mould  and  alKnved  to  cv'ol  to  room  temper- 
.iture.  T  he  bulk  glasses  thus  produced  were  annealed 
.11  701)  720  C’  for  I  h  and  furnace  cooled  to  room 
lemper.iiure 

Bulk  glasses  were  crushed  .ind  sieved  in  between 
2'()  and  400  mesh  screens  lo  obtain  the  estimated 
particle  si/e  range  .’S  f.'i  uni  Differential  thermal 
.inalysis  (DT.A)  was  conduclerl  v'li  these  powders,  at 
It)  C’min  ■  healing  rale,  using  .i  Perkin  iTmcr  I ’'00 
model.  The  amount  of  the  powder  used  w.is 
"O  90  mg. 

Pellets  ol  si/e  0.572  cm  iduimeicri  .<  0.635  cm 
ihcighli.  were  uma.xially  cold  pressed  at  207  MPa 
pressure  vvi'houl  hinder.  Hinder  w.is  purpi'sely 
.ivoided  to  ehninate  differential  densitication  caused 
by  the  removal  of  hinder  !22].  Pressed  pellets  were 
immersed  in  distilled  water  during  which  any  de¬ 
laminated  layers  (occurring  during  compactioni  fell 
out  of  the  compact.  Subsequently,  the  compacts  were 
dried  in  air  at  '70  (  for  -  10  h.  Sintering  was  done 
in  a  (M  rapid  furnace  luted  with  a  programmable 
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end  of  the  hump  was  taken. 

•  Visibly  phase  separateil  on  coolinp  lo  room  lemperalure. 


conlrollcr.  Pellets  were  pUieed  on  an  alumina  plate 
and  healed  at  10  C  min  '  up  to  the  desired  temper¬ 
ature.  7’,  or  y'p  +  I  C.  and  then  furnace  cooled. 

The  density  of  a  glass,  7)^,  was  measured  using 
a  I  cm  X  I  cm  X  I  cm  cube  of  the  annealed  glass  by 
Archimedes'  method,  in  distilled  water.  For  the  den¬ 
sity  of  the  pressed  as  well  as  sintered  pellet,  the  pellet 
was  first  weighed  in  air.  M  g.  Then  it  was  immersed  in 
distilled  w:iter  and  the  entrapped  air  in  the  pores  was 
sucked  out  by  a  mechanieal  pump  and  maintained 
under  vacuum  for  I  h.  Then  the  chamber  was  suddenly 
vented  to  the  atmosphere  to  force  water  into  the  small 
pores,  and  the  pellet  was  allowed  to  remain  under 
water  for  an  additional  hour.  The  water-soaked 
weight  was  measured  in  air.  S  g.  The  immersed  weight 
of  the  pellet  was  also  measured  using  water  as  the 
medium.  /  g.  The  bulk  density  was  ealeulated  accord¬ 
ing  to  the  formula  [2.^1 

-  M  'iS  -  71  (7) 

and  the  relative  density  was  calculated  in  terms  of  the 
gliiss  density  as 

%p  -  (7>huik-7),)x  100  (8) 

For  each  data  point  a  minimum  of  three  pellets  was 
sintered  and  the  average  of  their  densities  was  taken. 
The  variation  in  initial  relative  density,  (pul  was 
±  .1%  and  that  in  sintered  relative  density  (Pr.^r.l 
was  ±  2%. 


The  viscosity  of  glasses  in  the  range  10**  It)’'  P  was 
measured  by  the  betim-bcnding  method  [24.  25]. 
Samples  of  si/c  t).445  cm  iheight)  x  0.610  cm 
Iwidthlx  ^  4.166cm  tlengthi  were  cut  from  the  an¬ 
nealed  bulk  glass.  The  sample  surface  that  was  in 
contact  with  the  platinum  supports  was  polished 
down  lo  the  I  pm  level  to  eliminate  friction  between 
the  sample  and  support  which  could  increase  the  ob¬ 
served  viscosity  values.  The  span  used  was  .TI2.^cm. 
The  sample  temperature  was  maintained,  along  its 
length,  within  ±  2  C.  The  running  conditions  were 
tested  with  NBS  711  and  NBS  717  standard  glasses 
[26.  27],  The  observed  dilTcrenee  between  log 
n...«a.«rvu  iind  log  riMis  -landaru  ( P)  was  0.20  in  .^o.  where 
<T  is  the  standard  deviation  of  the  dilTerencc  in  log  n- 
For  selected  samples,  dilatomctric  shrinkage  curves 
were  obtained  at  the  heating  rate  of  10  (’  min  '  using 
pressed  samples  of  ball-milled  powders.  The  line  ball- 
milled  powder  had  tt>  be  used  in  order  to  prepare 
samples  strong  enough  not  to  crumble  during  the 
dilatomctric  measurement.  The  corresponding  crys- 
lalli/ution  temperatures  of  the  same  ball-milled  pow¬ 
ders  were  also  obtained  by  performing  DTA  scans  at 
10  Cmin  '. 


4.  Results  and  discussion 

Dilutometric  shrinkage  curves  obtained  for  selected 
samples  are  shown  in  Fig.  2.  The  sintering  completion 
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Fiviiri-  SoIccloJ  JilalonicTric  slirinkajic  turves  of  Kall-niillcil  class 
.vovvders.  al  C'HR  of  1(1  ('  inin  7'^  -  sintcrini;  tomplelion  itm- 
IX'ralurc;  for  class  codes  refer  to  Table  I. 


f  AULI;  II  ndatomelrie  data  versus  DTA  results' 


Xppareni  nuximum 
linear  shrinkage 
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X,.fX 
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:i,d 
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• 
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BCIA  5 
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X«) 

XX5 

7X0 

BCiU  5 

1(1,5 

7V5 

7').t 

S  SS 

IKiS  5 

IS.7 

X2(l 

X5I 

IKiP  2.25 

;:.‘i 

SStl 

X5fi 

7..f5 

'On  hall-mdled  powder  at  It)  C  min 

’’Sintering  eompleiion  temperature  from  dilatometrv, 

■  DTA  ervstalli/ation  peak  temperature. 


icmpcruture.  T,^.,  is  indicated  in  the  figure  and  is 
tabulated  in  Table  II.  together  with  the  crystallization 
peak  temperature.  obtained  from  DTA  using  the 
same  glass  powder  heated  at  the  same  heating  rate 
(10  C  min  ').  All  the  glasses  in  Table  11  sintered  to 
less  than  full  density.  These  two  temperatures  arc 
compared  in  Fig,  3.  From  the  figure  it  can  be  seen  that 
the  sintering  completion  temperature  coincides  with 
the  DTA  peak  temperature,  within  c.xpcrimentul 
errors  of  Tp.  ±  5  C. 

4.1.  Characterization  of  viscosities  at 
crystallization  temperatures 
The  beam-bending  viscosity  data  for  selected  glasses 
are  shown  in  Fig.  4,  In  ordcr  to  determine  the  viscosity 
at  crystallization  temperature,  which  is  outside  the 
measured  range,  the  temperature  dependence  of  the 
viscosity,  r).  was  fitted  by  Fulcher's  equation  (cf.  Equa¬ 
tion  4), 


Crystalliratlon  |>«ak  temptraturt,  Tp  Cc) 


I  lewi-  .1  Cumparisiin  of  dilalomctry  sintering  completion  tenipcr- 
.iture.  7^.10  tile  DTA  erysialli/ation  peak  lemperauirc.  /],.  Hoih 
leiuivralures  were  ohiained  at  (TIR  of  1(1  t' min  '  using  hall- 
nulled  powders. 


Temperature  (“O 

hviirc  4  Viscosity  temperature  data  for  few  glasses.  Marks  are 
observed  beam-beiiiling  data,  solid  lines  arc  f'uleher’s  equation  tit 
cMrapolalcd  up  to  fp.  F-'or  glass  codes  refer  to  Table  I.  (▼)  BCi. 
(•l  IKIZ  :.5.  (■)  BtiA  :,5, 1  Al  B(iK  2.5. 


Because  a  narrow  region  of  the  n-T  plot  is  meas¬ 
ured.  to  (it  reliably  to  Fulcher's  equation,  a  data  point 
lar  iiway  from  the  region  of  measurements  or 
a  Fulcher's  constant.  T,,.  is  needed.  In  order  to  e.stim- 
ale  /'„  from  7',.  which  can  be  measured,  T,  To  versus 
mol  %  glass  formers  (“uGF)  of  various  oxide  glasses 
reported  in  the  literature  [21.  26  33]  was  plotted  in 
Fig.  5.  The  juslilication  for  Fig.  5  is  made  in  Appendix 
H.  In  the  region  of  interest,  i.c,  57.9  66.7  mol%  glass 
formers,  the  T,  T,,  ratio,  expressed  in  K  K‘  '.depends 
on  mole  per  cent  glass  former  as 

r^T'o  -  0,01 25  ("iiCiFl  +  0.62  |9| 

I'or  three  BaO  SiO,  glasses,  the  experimentally 
observed  low  temperature  viscosity  data  of  current 
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liMurv  5  T^.  7„  versus  mo! (iT  pUu  for  silicaic  islasses.  (#)  SiO, 
jilass,  (.  )  NBS  71 1  glass,  i  I  container  ttlasses.  I  x  (  K.C)  2Si()» 
glass.  ( A I  barium  silicaic  glasses.  (  )  NBS  717  glass.  (■)  rulcher's 

glasses.  !•)  I.iilie’s  glasses,  i*!  Nai()-2Si()i  glass. 


rese;irch  and  the  melt  \iseosity  data  from  the  literature 
[34]  were  fitted  to  rulehcr  s  equation,  usine  the  least 
square  relining  method  [35].  Tlie  resulting  7,,  T„ 
values,  of  1.41.  1.44  and  1.46  with  the  respeetive  mole 
per  cent  glass  former  being  64.3.  65.2  and  66.1.  agree 
very  well  with  Fig.  5. 

For  the  present  series  of  ghisses.  7'^  at  log  q  =  13 
was  deduced  from  the  observed  K-am-bending  data 
(K)'*  lO'-').  With  the  known  values  t>f  and  mol'’u 
GF.  using  Equation  /■,,  was  obtained.  With  this 
r„  value  the  obscr\ed  n  T  data  were  fitted  to 
Fulcher's  equation,  using  the  least  square  refining 
method.  The  results  arc  shown  in  Fig.  4  and  are 
tabulated  in  Table  III  along  with  the  calculated  vis¬ 
cosities  at  two  dilTercnt  crystallization  characteristic 
temperatures,  namely,  the  crystallization  start  temper¬ 


ature.  /■,.  and  the  crystallization  peak  temperature. 
Ip.  The  average  3a  (a  is  the  standard  deviation)  in 
logq  of  the  lit  is  0.16.  This  range  in  3a  is  well  within 
that  (0.20)  »>bserved  for  the  NBS  standard  glasses. 

4.2.  Characterization  of  CHR  sintering 
Crystallization  characteristics  determined  from  DTA 
and  CHR  sintering  results  arc  shown  in  Table  I  for 
various  glasses.  The  initial  relative  density,  pn.  with 
68.7  +  3'''o.  was  nearly  constant,  independent  of  com¬ 
position.  First  the  sintering  characteristics  were  evalu¬ 
ated  for  the  glasses  with  2.5  mol  %  oxide  additions  to 
the  base  glass  (BG)  |cf.  Table  I.  set  A).  Noting  the 
benctieial  elVeets  of  certain  oxides,  the  investigation 
was  extended  to  higher  mole  per  cents  for  certain 
4>xide  additives  to  BG  (cf.  Table  I.  set  B).  The  results 
arc  plotted  in  Fig.  6.  in  terms  of  the  relative  density 
achieved.  From  Fig.  6.  it  can  be  seen  that  additions  of 
alumina  and  zirconia  to  the  base  glass  increase  greatly 
the  per  cent  relative  density  achieved  on  sintering  to 
/'p  I""  p/  )•  .Small  amounts  of  l*:f)5  increase  it.  while 
larger  amoiinls  decrease  it.  In  fact  the  composition 
IK}P5.0.  having  5  m(4  "«  P;0.<.  producing  white  glass 
pieces  on  cooling  (possibly  phase  separated),  did  not 
sinter  al  all.  It  appears  that  the  observed  maximum  in 
Fig.  6  for  I’^O^  additions  is  due  to  a  phase-separation 
elVect  on  sintering.  Addition  of  NtiT)  decreases  the  per 
cent  p/  achieved  and  those  of  K^O.  BaO.  B;0,.  TiOi 
and  SiO.  have  minimum  cllect. 


4,3.  CHR  sintering  versus  crystallization 
viscosities 

Fig.  7  is  a  plot  of  per  cent  p,  against  viscosity  (rt  c  )  at 
the  crystallization  peak  temperature.  It  shows  that 
lower  the  q,  .  the  higher  is  the  per  cent  p,  achieved, 
supporting  Equation  6.  although  the  data  scatters  for 
(X'rcent  p,-  >‘>5. 


r.ABLH  111  Viscosiiy  fi»r  selected  glasses 
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^  For  estimated  particle  fti/c  range  3K  5.^  fim  at  IB  C  min 
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f-iimri-  A  J-tTcci  Ilf  \.i\nJc  aJdjlums  to  the  b.tNO  glas'v.  H(i.  on  the 
>imcrcJ  donsilv.  ip,,  ■=  avcraiic  tnuial  *’•«  relative  densitv.  4U) 
me.'ih  powder  was  healed  up  to  ji  C  MR  ol  l(»  mm  ' 


/  .‘.'.uf*'  Stntercil  ileiiMt  \  i  "  >  »• .  -  ^u'^  v  is^. itvi i  \  .0  i he  1.  r  ^ .1 

turn  ^vak  icnipcr.ituie  n,-  .  ■■■'  ‘  Ijk  1!!'  (  m,}!!  \  aiUfriit.’ 

/.  t^'t)  4«Ht  mesh  pi»vsiicr! 


The  scalier  in  [xr  eeni  p,  -'P  data,  espccialls 
Cilasscs  13  and  14  in  hie.  7.  nnehi  be  due  tu  dillcnne 
volume  I'raciions  ol  crvstals  lor  various  glasses  ^ln- 
tered  to  l\.  The  error  assoeiaied  w  ith  .'.ormali/ing  the 
sintered  density  with  respect  to  the  density  ol  glasses 
without  taking  into  account  the  density  oh  crystalline 
species  present,  might  give  rise  to  scatter  in  the  data. 
Also,  in  the  temperature  region  /,  /,.  icf.  lag.  1 ). 
t  iscosiiy  ol  the  sample  can  increase  due  to  crystalli/a- 
lion.  whereas  viscositv  at  was  estimated  without 
considering  the  etleet  of  erysialli/ation.  These  diliieul- 
lies  should  he  minimi/ed  when  per  cent  relative  dens¬ 
ity  obtiiincd  by  sintering  to  the  crysialli/.aiion  start 
temperature.  ("a  p,  i.  is  compared  to  the  visciisiiy 
ill  that  temperature.  (Pi  •  The  glasses  in  lag.  ''  were 
sintered  up  to  l\  and  the  results  are  plotted  in  lag.  s 
The  scatter  in  the  per  cent  p/  .-^.s  is  indeed  lower  in 
!  :g.  w..;r.parcd  v.  i'.h  'h  ..  :r.  lag 

Comparison  of  percent  p,  with  percent  p,  data  m 
Table  I  reveals  that  only  a  small  amount  of  sintering 
occurs  beyond  /',.  indicating  that  viscosity  at  the 
erystalli/iation  start  temperature,  ip/  ).  is  it  better 
parameter  than  the  viscosity  al  ihe  crysi;ilii/aijon 
peak  temperaiuie.  (r,,  i  C  onsisteiiilv  the  dilatomeirie 
data  shown  in  Fig,  2  show  the  slowing  dvswn  ol  the 
shrinkage  rate  when  the  temperature  approaches  the 
sintering  completion  temperature,  which  is  nearly 
the  same  as 

It  might  be  speculated  that  the  apparent  niiiximum 
per  cent  linear  shrinkage  shown  in  Tig  2  would  cor¬ 
relate  with  the  viseitsily  at  the  sintering  eomplelion 
temperature.  .  or  the  erystalli/aiutn  peak  temper¬ 
ature.  /p.  shown  in  Fable  II,  Although  the  apparent 
iniiximum  per  cent  linear  shrinkage  inereascs  as  the 
viscosity  at  the  crystalli/alion  peak  temperature  de¬ 
creases.  the  data  scatter  a  lo'.  This  might  be  due  to  the 
maximum  linear  shrinkage  observed  in  dilatt>melry 
being  a  combination  of  ivvocITccts.  li)  shrinkage  due  to 
densitieation  of  the  sample,  and  (iii  shrinkage  due  to 
viscous  flow  of  the  glass  under  the  dilatomeler  spring 


/  '•uiK-  -v  biiJtcrcU  UcriMU  t  ,■  . . :  si!>  ^  in.>tsKs  .il  liic  ir  v  scii.i/.f 

(n>n  '.ijn  icmpcMUiR*.  ••),  ;  f  MR  lif  (  mm  i  smicrmy;  !  > 

j '*’0  4lH)  mesh  powdci  i. 


load.  The  vlensilicalion  p.tr!  of  ihe  apparent  linear 
shrinkage  can  be  deduced  only  when  both  .ixial  and 
raiiiul  siraiii.s  ar.  ..rr.uitancousb  |  Ui  -Si 


5.  Conclusions 

1.  The  (TIR  sintermu  ig  glasses  praetieiillv  stops  at 
the  erysttiili/ation  temperature. 

2.  .Additions  of.ACOt  and  /r();  to  33. ^  HaC)  bJ  3 
SiO;  (mol'',ii  glass  increase  the  sinterabiliiy,  thai  of 
NaA)  ilecretises  n  and  those  ol  FiC)..  BaO,  B-Oi. 
K  T)  and  SiO-  have  marginal  elfects,  t  unher.  small 
additions  (up  lo  "  ifH  moi  "nl  of  IC-Os  increase  the 
siiuerabihtv  while  larger  .idditioiis  decrease  it  con¬ 
siderably  due  to  probable  phase  separation 

3.  The  per  cent  relative  sintered  density  achieved 
ha.s  an  inverse  relalionshiis  with  the  viseosily  at  the 
ervstalli/ation  temperature,  namely,  the  lower  the  vis- 
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cosily  at  the  crystallization  temperature,  the  higher  is 
the  sintered  density  achieved. 

4.  Of  the  two  temperatures  characteristic  of  crystal¬ 
lization.  namely,  crystallization  start  temperature  (T,) 
and  crystallization  peak  temperature  (Tp).  T,  is  more 
relevant  in  determining  sinterability.  i.e.  the  viscosity 
at  the  crystallization  start  temperature,  (rir.).  has  bet¬ 
ter  correlation  with  the  viscous  sinterability  ofcrystal- 
lizablc  glass  systems. 
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Appendix  A.  Derivation  of 
j  jdr/ti  ^  [(r,  -  7-0)2/(2.303  Bnr,)] 

Fulcher's  equation  is 

log  r|  =  A  +  {U  iT  -  T,,)]  lAl) 

Substituting  .4'  =  c’  and  B‘  =  2.303B,  Equation 
A1  can  be  expressed  as 

n  =  (A2I 

Thus 

j'dr/n  =  j’dT'/i.re'' ia.m 

Letting 

In  .v  =  -  B' tr  -  7'ol  or  r  =  e (A4» 

and  dilTerentiating  we  get 

dln  .v  =  (lnv\- B'ldT  (A.'l 

Substitution  of  Equations  A4  and  A5  into  liquation 
A3  gives 

J  dT’  n  =  [S'  4']  Jdi'.dn*  (A6I 

The  RHS  integral  in  Equation  A6  can  be  evaluated 

and  approximated  as  follows 

j'dy  [ln-,v]  =  [.v  lln'.vl]  [I  +|2  ln.i)  +  (6ln'y) 

+  (24  In-*  y)  +  .  .  .  ]  ?:  y  (In*  y) 

IA7) 

This  approximation  is  valid  in  the  present  case,  be¬ 
cause  the  second  and  higher  order  terms  are  smaller 
than  unity  in  the  temperature  range  of  interest,  i.e. 
r„  T,.  The  maximum  magnitudes  of  the  second  and 
higher  order  terms  correspond  to  T,  *  T^.  and  using 
the  typical  values  of  B  %  4(M)0  C.  7',,  500  C 
(cf.  Table  III)  and  %  1100  C  (cf.  Table  1). 

In  y  %  -  15  (cf.  Equation  A4). 

Substituting  Equation  A7  into  Equation  A6  and 
integrating  in  the  range  of  tn-T'r  and  r)7-„[  =  infinity] 
to  Hr,,  and  substituting  back  B  =>  B'/2.303.  we  get  the 
equation  in  the  text,  namely 

*dr/ri  %  [(Tf  -  r„)M2.303  B  nr.l] 

r.. 


Appendix  B.  Justification  of  Fig.  5 

There  are  theoretical  attempts  to  predict  the  Fulcher's 
constant.  T,,  f39, 40]  based  on  excess  entropy  at  glass 
transition  temperature.  S„.  r,.  being  finite  and  con¬ 
stant  (cf.  footnote  p.  24  of  [4i]).  .S’,,,  r,  is  defined  as 

S».  ,.  =  f  ‘ACpdln  r  (A8) 

Jr.. 

where  AC’p  =■  Cp  ,  -  Tp,,.  Cp.i  is  the  heat  capacity 
under  constant  pressure  of  liquid  stale  and  Cp  ,  is  the 
heat  capacity  under  constant  pressure  of  the  glassy 
state.  Reasonable  approximation  for  ACp  proposed 
[40]  is  constant/  T.  where  T  is  any  temperature.  Thus 

ACplT-)?-  =  ACp(r,)T,  (A9) 

where  ACplT,)  is  the  dilTcrcncc  in  the  heat  capacities  of 
liquid  .state  and  glassy  state  at  T^.  Substituting  Equa¬ 
tion  A9  into  Equation  A8  one  can  derive 

,,  =  l^  'Af-pdln  T 
•  <  . 

:.  =  [Afp(7'J7-,.7]dln7' 

J  /  n 

=  ACp(r,)7„(  -  I  T-)'.;, 

-  Acyr^iT-jd  rj  -  ti  t-^i] 

=  ACpir.lElT-,  T-,,)-  I  ]  (A  10) 

Equation  AH)  suggests  that  for  the  excess  entropy 
at  the  glass  transition  temperature  to  be  constant,  as 
AC'p(T,)|.  [(7",  r,i)  -  l]l.  Because  7",  T,,  is  always 
greater  than  one.  [T/r,,]  has  to  decrease  when 
A('p(  7'„)  increases. 

.Strong  network  liquids,  such  as  SiO;.  show  little  or 
no  change  in  f  p  at  7 ,  (cf.  Fig.  6.  p.  39  of  [41]),  Thus  for 
pure  SiO;  glass  ACpI  T,)  is  small  and  from  Equation 
A 10,  for  .S',v  (,  to  be  constant.  T,i  has  to  be  large,  in 
accordance  with  its  nearly  Arrhenius  rj  T  relation¬ 
ship.  On  the  other  hand,  non-network  liquids,  such  as 
lithium  acetate  (cf.  Fig.  6.  p.  39  of  [41]),  show  large 
AC'p)7„)  and  from  Equation  Alt),  for  to  be  con¬ 
stant.  T„  has  to  be  small,  in  accordance  with  their 
observed  non-Arrhenius  q  T  relationship.  Because 
addition  of  network  moditiers  to  SiO;  glass  degrades 
its  network  structure,  one  can  approximate  that  us  the 
mole  per  cent  glass  formers  decreases  in  a  silicate  glass, 
its  ACplT-,)  will  increase  and  consequently  its  T^,'T» 
ratio  will  decrease,  to  keep  .S',,. constant.  This  is  the 
trend  observed  in  Fig.  5. 
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